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Abstract 
At present, hydrogen is largely used in refineries and ammonia plants but in future it may be used as an energy 
carrier for vehicles, power generation and distributed heat production. One of the most promising technologies for 
hydrogen production with low CO2 emissions is coal gasification with CO2 capture and storage. Hydrogen can be 
co-produced with electricity in Integrated Gasification Combined Cycle (IGCC) plants.  
 
This paper summarizes the results of studies carried out by Foster Wheeler Italiana for the IEA Greenhouse Gas 
R&D Programme (IEA GHG). Performance and costs data are presented for five different coal gasification plants 
producing electricity and/or hydrogen with and without CO2 capture. The cost data are on a 2nd quarter 2008 basis 
and take account of the recent large increases in plant investment costs and coal prices. 
 
The paper assesses possible advantages of hydrogen and electricity co-production in future energy supply 
systems and the advantages of being able to operate plants flexibility to meet the varying demands for hydrogen and 
electricity. If hydrogen becomes used as an energy carrier it will displace some of the demands for natural gas, 
gasoline and diesel fuel. A market analysis of the demands for these fuels was performed for The Netherlands and 
the USA to determine possible future hydrogen demand and how it will vary throughout the year. Demands for 
electricity were also determined. Plant performance and costs are estimated and electric power production costs are 
evaluated. Electricity and hydrogen co-production plants are compared to plants that produce electricity only, with 
and without CO2 capture, to evaluate the cost of CO2 avoidance. The benefits of flexible co-production with and 
without buffer storage of hydrogen are also evaluated. 
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1. Introduction 
Hydrogen may become widely used in future as a low-CO2 energy carrier for vehicles and distributed heat and 
power generation using fuel cells.  The long term goal for the ‘hydrogen economy’ is generally recognized to be 
production of hydrogen from sustainable renewable energy sources but in the near term the cheapest way to produce 
hydrogen with low CO2 emissions is expected to be by use of fossil fuels with CO2 capture and storage.   
 
Hydrogen can be produced from fossil fuels in stand-alone plants with CO2 capture but it may be advantageous to 
co-produce hydrogen and electricity. Co-production would provide synergies within the production plant and would 
also help to cope with the variability in the demands for the two products. Flexible co-production plants could 
become increasingly attractive in future when electricity grids include large proportions of variable renewable 
energy generation.    
 
Hydrogen is currently used on a large scale in ammonia plants and modern petroleum refineries.  The main fuels 
used for hydrogen production are currently natural gas and petroleum residues. However, if the use of hydrogen as 
an energy carrier becomes widespread coal may become the most important fuel for hydrogen production. This 
study therefore focuses on estimating the costs of producing hydrogen and electricity by coal gasification with CO2 
capture and the advantages of flexible co-production. 
 
Foster Wheeler Italiana undertook a study for the IEA Greenhouse Gas R&D Programme (IEA GHG) on 
electricity and hydrogen production with CO2 capture, which was published in 2007 [1]. Costs of power generation 
plants in general have increased substantially in recent times, for example due to increased material costs, shortages 
of skilled manpower and services. Coal prices have also increased greatly, in common with oil and other raw 
materials. In a follow-on study, Foster Wheeler updated the costs of electricity and hydrogen production and CO2 
capture to a 2nd quarter 2008 basis [2]. Section 3.1 of this paper includes the updated costs of electricity and 
hydrogen production plants. Sections 3.2 and 3.3 include the analysis of the benefits of co-production from the 
original study [1], as this analysis was not updated, but the recent cost increases are not expected to affect 
significantly the conclusions regarding the benefits of co-production.     
 
2. Plant design basis 
2.1. Process design basis 
The gasification plants are designed to process an open-cut coal from eastern Australia  which has a lower 
heating value (LHV) of 25,870 kJ/kg and a sulphur content of 1.1% wt (dry ash free). The plant site is a green field 
located on the NE coast of The Netherlands with an average air temperature of 9°C and an average seawater 
temperature of 12°C. 
 
The Shell dry feed entrained flow coal gasification process is used. The plants with CO2 capture use a sulphur 
tolerant shift conversion process and a Selexol acid gas removal process. For each of the alternatives considered, the 
syngas production capacity has been fixed to match the appetite of two GE9FA gas turbines, representing the current 
state-of-the-art large commercial gas turbines suitable for use with IGCC fuel. The resulting nominal overall net 
power output of an electricity-only plant is 750 MWe. In case of co-production of hydrogen and electricity, the plant 
includes one 9FA gas turbine only and the remaining syngas is used for hydrogen production. The hydrogen-only 
plant includes a single smaller GE6FA gas turbine.  
 
The main products of the plants are electricity and hydrogen. By-products are sulphur (liquid or solid), carbon 
dioxide (for the alternatives recovering CO2) and solid by-products (slag, fly ash and filter cake, depending on the 
gasification technology). The IGCC is designed to remove from the syngas 85% of the carbon dioxide. 
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The plants produce emissions (NOx, SOx, particulate and CO) much lower than those defined by the applicable 
European directive, without significantly penalizing the plant efficiency and investment cost. 
 
Further details of the design basis are available [1]. 
2.2. Economic basis 
The basis for the economic analysis of plants presented in section 3.1 is 2nd quarter 2008, an operating load factor 
of 85%, an operating life of 25 years, a construction time of 3 years, a coal price of €100/t (€3.87/GJ LHV basis) 
and a discount rate of 10% (constant money values). The sensitivity to a 5% discount rate is assessed. The capital 
costs quoted in this paper include miscellaneous owners’ costs but exclude interest during construction, although 
this is taken into account in the calculation of the costs of electricity and hydrogen.  
 
The analysis of co-production scenarios presented in section 3.3 is on the same basis except that it is on a 1st 
quarter 2007 basis and the coal price is assumed to be €1.2/GJ [1]. The conclusion regarding the benefits of flexible 
operation shown in the scenarios analysis would be broadly the same if the updated plant costs and coal prices had 
been used. 
3. Results 
3.1. Performances and costs of hydrogen and electricity production plants 
The performances of hydrogen and electricity production plants are summarised in table 1.  
 
Table 1 
Hydrogen and electricity plant performance  
 Without 
CO2 capture 
With CO2 
capture 
     
 Electricity Electricity Hydrogen Electricity 
and hydrogen 
(fixed ratio) 
Electricity 
and hydrogen 
(variable, 
low H2) 
Electricity 
and hydrogen 
(variable, 
high H2) 
Performance        
Coal feed MW(LHV) 1800.8 1962.5 1962.5 1962.5 1962.5 1962.5 
Gas turbine power MW 553.6 572.0 87.6 286.0 286.0 286.0 
Steam turbine power MW 338.3 303.0 121.0 232.1 279.0 157.4 
Electricity gross output MW 891.9 875.0 208.6 518.1 565.0 443.4 
Auxiliary power use MW 129.6 219.2 208.5 201.0 201.9 206.8 
Electricity net output MW 762.3 655.8 0.1 317.1 363.1 236.6 
Hydrogen net output MW - - 1110.7 599.0 484.0 734.1 
Hydrogen: electricity ratio  - - - 1.89 1.33 3.10 
Efficiency to electricity % 42.3 33.4 - 16.2 18.5 12.1 
Efficiency to hydrogen % - - 56.6 30.5 24.7 37.4 
CO2 emitted and stored        
CO2 to storage g/kWhe  836  1729 1510 2317 
CO2 emitted g/kWhe 776 147 - 303 265 406 
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Capital costs are shown in table 2, along with costs of electricity and hydrogen production and CO2 abatement, 
calculated at 10% and 5% discounted cash flow (DCF) rates.  
 
Table 2 
Hydrogen and electricity plant costs   
 Without 
CO2 capture 
With CO2 
capture 
     
 Electricity Electricity Hydrogen Electricity 
and hydrogen 
(fixed ratio) 
Electricity 
and hydrogen 
(variable, 
low H2) 
Electricity 
and hydrogen 
(variable, 
high H2) 
Costs        
Capital cost M€ 1266 1560 1196 1337 1350 1350 
Capital cost                    €/kWe             1661 2379 - 4216 3718 5706 
Costs at 10% DCF        
Cost of hydrogen €/GJ - - 15.8 15.8 15.8 15.8 
Cost of electricity €/kWh 0.084 0.114 - 0.107 0.113 0.112 
Cost of CO2 avoided €/tonne  48     
Costs at 5% DCF        
Cost of hydrogen €/GJ - - 13.3 13.3 13.3 13.3 
Cost of electricity €/kWh 0.070 0.094 - 0.088 0.093 0.092 
Cost of CO2 avoided €/tonne  38     
 
For electricity-only plants, adding CO2 capture decreases the efficiency by 8.9 percentage points and increases 
the coal consumption per kWh of electricity by 27%. The capital cost per kW increases by 43%. At a 10% DCF rate 
CO2 capture increases the cost of electricity by 36% and the cost of CO2 emissions avoided is €48/tonne CO2. 
Reducing the DCF rate to 5% reduces the cost to €38/tonne CO2 avoided. The costs shown in table 2 are higher than 
in IEA GHG’s previous studies on IGCC plants with CO2 capture [1,3,4,5] and other key sources [6] because costs 
of process plants and coal prices have recently increased substantially. In the current volatile economic climate it is 
not clear whether costs in future will continue to increase or whether they will stabilize or fall.  
 
The flexible co-production plant can vary the hydrogen: electricity net output ratio between 1.3:1 and 3.1:1, while 
continuing to operate the coal gasifiers and gas turbine at full load. Including this flexibility slightly increases the 
capital and operating costs. 
 
For the co-production plants, the costs of hydrogen and electricity production are inter-dependent, a higher 
assumed hydrogen revenue will result in a lower electricity production cost, and vice versa. In table 2 the hydrogen 
revenues of the co-production plants have been assumed to be the cost of production in the hydrogen-only plant. Co-
production reduces the electricity cost by 6% for the fixed ratio plant and 1-2% for the variable ratio plant. If the 
cost reduction is spread across both the electricity and hydrogen the overall cost reduction is 3% for the fixed ratio 
plant and less than 1% for the variable ratio plant. Although having a variable hydrogen:electricity ratio increases 
the average cost, this flexibility improves the overall economics, as described in the following scenario analyses. 
3.2. Electricity and hydrogen production scenarios 
3.2.1. Electricity and hydrogen demands 
 
Scenarios involving varying demands for hydrogen and electricity energy carriers were assessed to illustrate the 
benefits of flexible co-production. Five scenarios were assessed, in which the different types of plants shown in 
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table 1 were used to satisfy projected electricity and hydrogen demands of the Netherlands and USA. These two 
regions were selected because they represent two possible different world consumption scenarios. 
 
It will not be possible to meet the deep reductions in CO2 emissions that will be necessary in future by just 
reducing emissions from large energy consumers such as power plants and energy intensive industries. Emissions 
from small consumers, including households, commercial buildings, small industrial sites and road vehicles will also 
have to be greatly reduced. It is expected that this will be achieved by improved energy efficiency and use of low-
CO2 energy carriers, particularly electricity and hydrogen. The extent to which hydrogen and electricity may used in 
future is highly uncertain. Development of lower cost fuel cells is a critical issue for widespread use of hydrogen, 
although hydrogen can be used in internal combustion engines if necessary. Improvements in battery technologies 
may result in electricity being preferred instead of hydrogen for some types of vehicles. Similarly, electricity may 
also be used to replace some of the natural gas currently used by small stationary consumers, e.g. through greater 
use of heat pumps. This would decrease the ratio of hydrogen: electricity that would be required. On the other hand, 
some of the hydrogen used by small stationary consumers may be used in fuel cells which would co-generate 
electricity, which would increase the ratio of hydrogen: electricity required from external sources. Detailed 
prediction of future energy demand scenarios is beyond the scope of this study and no judgement is implied 
regarding the extent to which hydrogen will be used in future as an energy carrier. The scenarios in this study are 
intended simply to illustrate possible future benefits of hydrogen and electricity co-production and the sensitivity to 
different demand profiles. An Excel tool was developed by the authors to enable different hydrogen and electricity 
demand scenarios to be evaluated by others if required and this is freely available.  
 
For the purposes of this study it was assumed that hydrogen replaces 60% of the natural gas currently used for 
residential, commercial and other non-industrial consumers and all of the gasoline and diesel fuel used for motor 
vehicles. The higher efficiencies of fuel cells compared to internal combustion engines in vehicles are taken into 
account when calculating the hydrogen requirements. The study is based on monthly consumptions of electricity, 
natural gas and motor vehicle fuels in The Netherlands and USA for the years 2004 and 2005.  
 
In the Netherlands the peak electricity demand is in the winter, although the peak monthly demand is only about 
15% higher than the lowest monthly demand in summer. Similarly there is no large trend in motor fuel demand 
across the year, the main fluctuation is between adjacent months. There is a much greater variation in natural gas 
demand, which is about 2.4 times higher in the peak winter month compared to the minimum demand in summer. In 
the USA there is a similar although less pronounced peak winter demand for natural gas (about 1.8 times minimum 
monthly demand). There is a modest peak demand for vehicle fuels in the summer and a more pronounced peak for 
electricity (up to 40% higher than in winter). 
 
The electricity, natural gas and vehicle fuel demands were used to predict the relative monthly demands for 
electricity and hydrogen for the scenarios in this report, which are shown in Figure 1. 
 
 
Fig. 1   Monthly consumptions of hydrogen and electricity in the Netherlands and USA (2005) 
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The other major uncertainty in scenario assessment is the extent to which other hydrogen and electricity 
generation technologies will be used in future. There is expected to be a substantial increase in electricity generation 
from renewable sources and in some countries there may also be increases in nuclear electricity generation. In the 
scenarios reported in this paper the net electricity demand was assumed to be the current demand minus the current 
production from nuclear and renewable sources and it was assumed that only coal gasification plants would be used 
to meet the net electricity and hydrogen demands. Including other technology options could be advantageous but the 
analysis would have become much more complex and location specific. Increased use of renewable and nuclear 
electricity is expected to increase the need for other plants to operate flexibly, because nuclear plants are relatively 
inflexible and renewable electricity sources, except biomass, have variable outputs which do not necessarily 
coincide with demand. It is expected that including these other electricity sources would increase the benefits of 
variable co-production reported in this paper.  
3.2.2. Hydrogen storage 
 
Hydrogen storage was included in some of the scenarios to help to smooth out fluctuations in hydrogen demand. 
Hydrogen can be stored above ground as a refrigerated liquid, in metal hydrides or as a high pressure gas or it can be 
stored underground in salt caverns, aquifers etc. For storage of large quantities of hydrogen, underground storage 
has substantially lower costs and has therefore been used in the scenarios in this study.  
 
Bulk underground storage of gaseous hydrogen in salt caverns is a commercial technology but this technology 
has not been commercialized for other geologies [7]. Examples of underground storage of hydrogen are in Texas 
(Praxair and Conoco Phillips) and Teesside UK. Hydrogen rich gas is stored by the city of Kiel in Germany and by 
Gaz de France in an aquifer at Beynes, France. Detailed description of hydrogen cavern operation is presented in 
reference [8], while information on costs and technologies of underground hydrogen storage has been collected from 
reference [9]. One concern of the gaseous underground storage is the possible contamination of hydrogen with other 
gases; for this reason a cost allowance for a hydrogen purification unit has been considered in the scenarios 
including storage. Another concern is the possibility of hydrogen leakages through the storage walls, which is 
strongly dependent on the type of storage environment. This last issue has not been considered in the economics of 
this study. Published costs of underground hydrogen storage vary greatly, between 1 and 40 US$/kg of storage 
capacity.  A cost of €1.5/kg was assumed for this study but storage was shown to have advantages up to a storage 
cost of €35/kg.   
3.2.3. Co-production scenarios 
 
The results of the scenarios for the Netherlands, based on monthly demands, are shown in table 2. In the co-
production scenarios the demands are assumed to be satisfied as far as possible by co-production plants. Hydrogen-
only and electricity-only plants are added to meet additional demands for each of these energy carriers. Including 
hydrogen storage reduces or eliminates the need for hydrogen-only and electricity-only plants.  
 
In table 2 the utilization rate is a percentage of the plant availability, which is assumed to be 85%. Hydrogen was 
assumed to have a constant value of €8.8/GJ. The variation in the overall cost of hydrogen and electricity is 
therefore less than the variation in the electricity cost. 
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Table 2  Co-production scenarios for the Netherlands 
Scenario 1 2 3 4 5 
 Electricity and 
hydrogen-only 
plants 
Non-flexible 
co-production 
w/o H2 storage 
Non-flexible   
co-production 
with H2 storage 
Flexible         
co-production 
w/o H2 storage 
Flexible          
co-production 
with H2 storage 
Numbers of plants      
Electricity-only 21 7 4 7  
Hydrogen-only 29 13 5 9  
Non-flexible co-production  29 36   
Flexible co-production    33 41 
Total number of plants 50 49 45 49 41 
Weighted average % plant utilisation 81 81 87 82 99 
Performance and costs relative to scenario 1      
Total capital cost (inc storage) 100 97 90 98 83 
Coal consumption and CO2 emissions 100 98 96 100 100 
Electricity cost 100 95 87 97 78 
 
The use of co-production plants without hydrogen storage (scenarios 2 and 4) reduces the electricity cost but the 
benefits are modest, in line with the conclusions reported in section 3.1. In these scenarios hydrogen-only and 
electricity-only plants operating at relatively low annual utilizations (32-67%) are still needed to meet the seasonal 
peaks in demand for hydrogen and electricity.   
 
Including hydrogen storage improves the costs for non-flexible (scenario 3) and flexible (scenario 5) co-
production. The lowest costs are for scenario 5, based on flexible co-production and hydrogen storage. In this case 
the average plant utilization is close to 100%, compared to 81% in scenario 1, and no hydrogen-only and electricity-
only plants are needed. The cost of electricity is 22% lower than in scenario 1 (electricity-only and hydrogen-only 
plants without storage). 
 
Relative costs of electricity for the scenarios in the Netherlands and the USA are compared in figure 2, in which 
the cost of supplying demand using electricity and hydrogen-only plants in each of the countries is defined as 100. 
Flexible co-production without storage is more advantageous in the US than in the Netherlands because the peak 
demands for hydrogen and electricity are at different times of year in the US scenarios whereas in the Netherlands 
they are at similar times of year. The variation in overall energy demand (hydrogen + electricity) is greater in the 
Netherlands, which is why hydrogen storage provides greater benefits in the Netherlands scenarios.  
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Fig. 2    Comparison of electricity costs in Netherlands and US scenarios 
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The scenario analyses were based on monthly average energy demands. Energy demands also vary over much 
shorter timescales of hours and minutes. The ability of variable co-production plants to meet the short term changes, 
particularly in electricity demand, needs to be assessed using detailed plant dynamic modelling. A significant 
advantage of the flexible co-production plants with hydrogen storage is that the gasifiers and their ancillaries, which 
have relatively low start-up times, can continue to operate at almost constant load.  
4. Conclusions 
The costs of power generation and chemical process plants in general have increased substantially in recent times 
and fuel prices have also increased. This has resulted in higher costs of electricity generation and CO2 abatement.  
 
The cost of generating electricity from coal in a base load IGCC plant with CO2 capture is estimated to be 
€0.114/kWh on a 2nd quarter 2008 basis and the cost of avoiding CO2 emissions, compared to an IGCC plant without 
CO2 capture, is €48/t CO2. The cost of producing hydrogen by coal gasification with CO2 capture in a base load 
plant is estimated to be €15.8/GJ. 
 
Hydrogen and electricity and be readily co-produced in gasification plants. Simple modifications to the plant 
design enable the hydrogen: electricity ratio to be varied between 1.3:1 and 3.1:1 on an energy basis, while 
continuing to operate the coal gasifiers at full load. 
 
The least cost way of meeting the variations in hydrogen and electricity demands is to use flexible co-production 
plants, in combination with underground buffer storage of hydrogen. Assuming a constant hydrogen value, the cost 
of electricity generation in scenarios based on flexible co-production plants and hydrogen storage is around 20% 
lower than in scenarios based on electricity-only and hydrogen-only plants without storage. 
 
Flexible co-production plants with CO2 capture and hydrogen storage may help to facilitate greater use of 
variable renewable energy sources in future by providing back-up energy supplies and the ability to satisfy peaks in 
energy demand, while having low emissions of CO2.    
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